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Delaminated and pillared zeolites are an innovative family of molecular sieves which introduced a diﬀerent concept inside the
synthesis of active catalysts or inorganic supports. These types of materials exhibit an elevated accessibility due to their open
structure, characterized by the high external surface area without imposed restrictions controlled by the pore sizes. These open
zeolites are conformed by crystalline ordered (pillared zeolites) or disordered (delaminated zeolites) individual layers, exhibiting
textural properties which are favorable to carry out catalytic processes in which it is necessary to employ catalysts with completely
accessible active sites. The elevated external surface area of these zeolites is profitable to generate more specific organic-inorganic
materials, acting in this case as stable inorganic matrixes. The preparation of this open type-zeolites family is based on the
modification of, previously synthesized, zeolitic precursors which are preexpanded to obtain the final delaminated or pillared
zeolites which exhibit very diﬀerent physicochemical properties compared with the starting precursors. Along this paper, the most
relevant MWW-type high accessible zeolitic materials will be considered. Their nature, characteristics, and reactivity will be shown
in the function of the employed synthesis method for their preparation and the postsynthesis treatments carried out, tuning their
properties.
1. Introduction: Delamination and
Pillarization Concept
Layered inorganic precursors are structurally conformed
by a consecutive repetition of individual sheets located in
parallel spatial planes, being electrostatically bonded by
Van der Waals interactions or hydrogen bonds along the
perpendicular plane in which the layers are disposed. This
structural conformation is present in a great number of
inorganic materials, from the simplest such as clays or
silicates to another more complex such as layered double
hydroxides, metallic layered materials, or zeolitic precursors
[1–4].
These layered materials exhibit the capacity to modify
their structural characteristics through consecutive steps
using the free space present between the contiguous inor-
ganic layers. In this way, it is possible to obtain novel meso-
porous materials due to the intercalation in the interlayered
space of organic or inorganic compounds which act as pillars,
avoiding the covalent connection between the inorganic
layers after the removing of the ionic molecules which are
compensating the surface charges present in the sheets. This
type of layered solids is considered as pillared materials [5].
However, it would be feasible to advance more in this
approach, starting from inorganic layered precursors, to
generate another type of materials with a complete acces-
sibility, being possible to prepare new materials where the
practical totality of the initial microporous surface obtained
from the collapsed layered precursors is transformed to an
accessible external area. For this, the inorganic precursors
are involved in “delamination” processes with the objective
to separate completely the piled layers which remain, in
the final materials, disordered in the space showing an
organization similar to house-of-cards structures based on
the random distribution of the individual inorganic layers
(Figure 1) [6]. These exfoliated materials exhibit an elevated
external area, showing a high accessibility for all types of
reactants, preferably when they present a high molecular
2 ISRN Chemical Engineering
Layered inorganic
precursor
Pillared material
Delaminated material
Figure 1: Layered materials derived from inorganic precursors.
size, which can easily interact with the active sites contained
or supported onto the surface of each individual inorganic
sheet. Moreover, the high external area exhibited for the
delaminated materials can be used to incorporate diﬀerent
active sites stabilized and separated to a controlled distance
onto the surface of the layers to generate multifunctional
catalysts which show the advantages of accessibility, char-
acteristic of conventional mesoporous materials, combined
with the hydrothermal stability, characteristic of inorganic
solids.
It is important to remark that although the delaminated
materials are disordered solids, it is not correct to consider
these materials as amorphous or without any type of
structuration. On the contrary, although their study is not
easy, it is possible to determine correctly their structural
characteristics and physico-chemical properties, using and
analyzing suitably the characterization results obtained such
as it will be shown along this paper.
There are diﬀerent approaches [7] to obtain delaminated
materials from starting inorganic layered precursors, the
main being the next.
(i) Chemical processes such as it is the solvation of
interlayered cations which facilitates the separation
between the layers due to the decrease of the attrac-
tion forces [8].
(ii) Intercalation of molecules which are located in the
interlayered space increasing the separation between
the inorganic layers favoring their random spatial
disorder [9].
(iii) Mechanical processes such as ultrasonic methods,
stirring, freeze-drying, or centrifugation systems
which are mechanisms to carry out the exfoliation of
the starting layered precursors [10].
Accordingly, the delamination process could be per-
formed through one of the above explained approaches, the
more suitable being the eﬀective combination of them to
obtain delaminated materials with high accessibility and a
defined layered framework. The application of combined
delamination methods would allow the control of the final
properties exhibited by the exfoliated solids, even being
adjustable the achieved delamination level, preserving the
crystalline structure of each individual inorganic layer.
In the next sections, it will be considered themain delam-
inated and pillared MWW materials, detailing characteristic
structural and physico-chemical properties, and catalytic
applications.
2. LayeredMaterials withMWWTopology
Inside zeolites family, it is possible to find diﬀerent examples
which their final 3D structure is achieved through stable
intermediate layered zeolitic precursors obtained during
the synthesis process. After the removing of the structural
directing agents (SDAs) located in the interlayer space, using
normally calcination methods, it is favored the connection
between the contiguous layers to generate the final zeolite.
The presence of individual layers separated between them
by ionic compounds, which are compensating the charges
of zeolitic sheets, facilitates the swelling, pillarization, or
exfoliation processes, being possible to obtain new materials
with higher pore size diameters and, so, with elevated
accessibility to active sites, without loss of physico-chemical
properties characteristic of conventional zeolites [15].
Into the state of art, there are only three main groups
of layered zeolitic precursors related with the structures
MWW [16, 17], FER [18, 19], and NSI [20] considering
the International Zeolites Association (IZA) nomenclature,
being the two last structurally also related with the CDO and
CAS frameworks, respectively. From these precursors, it is
possible to obtain other pillared and delaminated materials
which will be below detailed. Additionally, in the last years,
interesting layered materials were also obtained from MFI-
type sheets [21, 22]. Into this review, the layered materials
generated fromMWWordered precursors will be considered
due to the peculiar structure of the MWW individual layers
which favors their high hydrothermal stability and shape
selectivity. These factors joined to the high accessibility
of their active sites convert this family of MWW pillared
and delaminated zeolites in excellent catalysts to carry
out diﬀerent reactive processes in which compounds with
elevated molecular sizes are present as reactants, products,
or reaction intermediates.
2.1. Layered MWW(P) Zeolitic Precursors and Derived 3D
MWW Zeolites. The layered precursors with MWW topol-
ogy is conformed by parallel and ordered zeolitic layers
perpendicularly disposed to axis c, being 2.5 nm the thickness
of each one in which 10MR sinusoidal channels are present
along the plane ab of the individual layers. Onto the external
surface of each zeolitic sheet, there are an elevated amount
of silanol groups (Si–OH) which reacts, after the calcination
process, with the another silanols present in contiguous
layers, covalently condensing between them and facilitating
the formation of 3D MWW zeolitic structure. Due to the
collapse of the layers, it is favored the generation of additional
second pore system conformed by supercavities delimited
by 12-member rings (MRs) from the cups located in the
surface of each individual MWW layer. In Figure 2, it is
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Figure 2: Graphical representation of MWW(P) layered zeolitic precursor.
appreciated the detailed structure of this layered MWW(P)
zeolitic precursor [27].
From X-ray diﬀraction, it is possible to evidence the
collapse of the individual MWW layers after the removing
of the organic template to generate a 3D zeolitic material
(Figure 3). It is observed that the diﬀraction bands (00l)
disappear after the calcination process because these bands
are indicative of the separation between the layers perpen-
dicularly organized along to axis c. On the contrary, the
diﬀraction bands (h00), (0k0), and (hk0), which are intrinsic
to the framework of the MWW layers, remain in the same 2θ
position before and after the elimination of the interlayered
template. So, Figure 3, it is appreciated that the (001) and
(002) bands present in the MWW(P) pattern, corresponding
to 2.85 nm of separation between two contiguous layers
(layer thickness plus space occupied by the organic template),
disappear when the template is removed and the MWW
layers are covalently connected between them [28].
The 3D MWW zeolitic material obtained after the elimi-
nation of the organic template was patented as MCM-22, in
1990, by Rubin [31], being this structure identical to other
aluminosilicate PSH-3 previously synthesized by Puppe et al.
in 1984 [32]. Both zeolites are prepared using hexamethylen-
imine (HMI) as structural directing agent (SDA). Studies
carried out by Leonowicz et al. confirmed that the MCM-22
structure is conformed by two independent porous systems,
being both accessible through 10MR windows. One of these
systems is defined by sinusoidal and bidirectional channels
with 0.52 nm of internal diameter. The second porous system
is based on supercavities with a free internal diameter close
to 0.71 nm delimited by 12MR, exhibiting an internal height
of 1.82 nm. The consecutive supercavities are connected
between them through 10MR windows. In Figure 4, it is
schematically shown the structure of the zeolite MCM-22,
being pointed out the two independent porous systems.
The layered MWW(P) zeolitic precursor is obtained with
high crystallinity up to Si/Al molar ratios between 15 and
70, and conforming the aluminum content decreases into
the synthesis gel (Si/Al > 70) then type MFI phases are
detected as impurities. Normally, the synthesis is performed
in alkaline medium, using sodium as a charge compensating
cation [36]. The hydrothermal crystallization occurs between
7 and 12 days at 135–150◦C if the process is carried out
in agitation conditions [37]. On the contrary, if static
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Figure 3: X-ray diﬀractograms of (a) MWW(P) and (b) MWW
collapsed 3D structure obtained before and after the calcination
process, respectively.
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Figure 4: Graphical representation of zeolite MCM-22.
conditions are employed, the MWW(P) crystallization is
more complicated, being possible the coexistence of another
zeolitic phases such as Ferrierite orMordenite [38]. However,
in the last years, it has been reported the preparation of this
zeolitic precursor in static conditions by previous aging of
the synthesis gel at temperatures higher than 180◦C during
4–12 hr [39].
In 1987, Zones patented the aluminosilicate named as
SSZ-25 which exhibited similar characteristics to MWW
materials [43]. Initially, it was supposed that this material
was formed by only one type of porous channel delimited
by 12MR [44]. But, Aguilar et al. clearly confirmed that
the SSZ-25 is an isomorphic material of MCM-22, being
also obtained through the collapse of the previous synthe-
sized layered zeolitic precursors. In this case, during the
preparation of the SSZ-25 precursor, it was used potassium
N
N
H
CH3
CH3
HMI TmAda+OH−
+ −
H3C
OH
Scheme 1: Organic templates used during the synthesis of lay-
ered ITQ-1 zeolitic precursors: Hexamethylenimine (HMI) and
Trimethyladamantamonium hydroxide (TMAda+OH−).
MCM-22ITQ-1
Figure 5: Microdiﬀraction spectra of ITQ-1 and MCM-22 zeolites
along axis [001] (according to [11]).
instead of sodium. Moreover, the ADE employed was
trimethyladamantamonium hydroxide (TMAda+OH−), and
not HMI, together with the presence of aluminum [45].
On the other hand, it was obtained the zeolite ITQ-1
which is also isostructural toMWWmaterials, being remark-
able that this material is obtained from a purely siliceous
layered MWW zeolitic precursor [49]. This fact represented
an important novelty because the MWW(P) materials were
always prepared in the presence of metallic trivalent cations
[50]. During the synthesis process of ITQ-1 precursors, it
is necessary to employ a mixture of two organic templates
such as TMAda+OH− and HMI in alkaline medium (sodium
cations). Specifically, the HMI molecules stabilize the 10MR
sinusoidal channels present in the inner of MWW layers, and
the TMAda+ cationic species allow the formation of external
cups delimited by 12MR located in the surface of the zeolitic
sheets (Scheme 1). All these particularities were decisive to
prepareMWWprecursors highly crystalline with the absence
of structural defects [51]. Diﬀerent attempts were performed
to introduce tetrahedral titanium into the structure of the
purely siliceous ITQ-1 precursors, directly in the synthesis
route, but the alkaline conditions present in the gel prevented
the eﬀective incorporation of titanium into the zeolitic
network due to the fast precipitation of amorphous titanium
silicates in this medium [52]. Additionally, combined stud-
ies of high-resolution transmission microscopy and X-ray
microdiﬀraction confirmed unambiguously that MCM-22
and ITQ-1materials showed identical structuration. Figure 5
shows the microdiﬀraction spectra of both 3D zeolites along
to axis [001], corroborating that the symmetry P6mm is the
same in the two materials [11].
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Figure 7: X-ray diﬀraction diﬀractograms of as-synthesized B-
MWW (Si/B = 11) (a), deboronated MWW (Si/B > 1000) (b), Ti-
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Figure 8: UV-visible spectra of as-synthesized Ti-MWWwith Si/Ti
ratio of 45 (a), 30 (b), as (b) calcined at 823K for 10 h (c), as (a)
treated with 2M HNO3 and calcined (d), and as (b) treated with
2M HNO3 and calcined (e) (according to [12, 13]).
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Figure 9: Transformation of Ti-MWW and Ti-YNU-1 materials
(according to [14]).
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Figure 10: Formation of Ti-YNU-1 and 3D Ti-MWW, as well as
their structures (according to [23]).
In 1988, Bellusi et al. prepared the microporous borosil-
icate named ERB-1 which is isostructural with the alumi-
nosilicate MCM-22, being also obtained through a layered
zeolitic precursor conformed by ordered MWW layers [64].
After calcination process, it is obtained the 3D MWW boron
zeolite due to the removing of SDA molecules and the
collapsing of the individual sheets. In this case, piperidine
was used as template instead of HMI or TMAda+ employed
during the synthesis of MCM-22, SSZ-25, or ITQ-1. It is
possible to incorporate boron in this layered borosilicate up
to Si/B molar ratio of approximately 12, being detected that
diﬀerent dense phases are obtained if the boron concentra-
tion is strongly reduced in the synthesis gel (Si/B > 50).
Aluminumwas also incorporated into the precursor network
of ERB-1 materials together with the tetrahedral boron,
although a high content of aluminum implies a marked
decrease in the boron incorporation [65]. The influence of
the sodium cations in the crystallization of ERB-1 layered
precursor is not significant because in the final products it is
not detected as a compensating charge ion. This fact would
allow that layered zeolitic precursors with boron MWW
topology could be obtained in the absence of alkaline metals,
favoring the direct incorporation of tetrahedral titanium into
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Figure 12: HRTEM micrographs of MCM-56 (a) (according to [25, 26]) and MCM-22 (b).
the framework of this type of 2D materials. It is known
that the presence of alkaline cations in the synthesis slurry
facilitates the amorphous silicotitanates precipitation which
avoids the integration of tetrahedral titanium coordinated
into the network of zeolitic layers [71], being this factor
not relevant in the preparation of ERB-1 layered precursors.
Wu et al., considering this fact, synthesized, in the first
time, crystalline MWW precursors containing the individual
zeolitic sheets simultaneously both boron and titanium
which are tetrahedrally coordinated, exhibiting Si/B and
Si/Ti molar ratios of 12 and 51, respectively, in the final
structure [12, 13].
Advancing inside this approach, it was prepared, from
ERB-1 precursors, B-free titanosilicates with the MWW
topology (Ti-MWW). In this case, the synthesis first involved
the preparation of ERB-1 using piperidine or hexamethylen-
imine following the methods above exposed. Nextly, the
borosilicates were deboronated by calcinations followed by
diﬀerent acid extraction steps to obtain highly siliceous
solids. The silicates obtained were treated with titanium
alkoxide sources in an aqueous solution of cyclic amines such
as piperidine, hexamethylenimine, pyridine, and piperazine.
The materials finally synthesized were a B-free zeolites with a
conventional MWW lamellar organization containing tetra-
hedrally titanium coordinated conforming the framework
of the individual zeolitic layers (Figure 6), being obtained
Ti-MWW precursors through a novelty reversible structural
conversion [72]. In Figure 7, X-ray patterns of the Ti-
MWW precursors and the intermediate materials obtained
during the synthesis route are shown. It is remarkably that
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a final acid after the treatment of the Ti-MWW precursors
is eﬀective to remove the extraframework octahedral Ti
species, while the tetrahedral remain even after calcination
processes (Figure 8) [73]. These last lamellar titanosilicates
were denoted as Ti-YNU-1 which showed a more expanded
pore window between the crystallineMWW sheets due to the
generation of two additional T sites in the interlayer space,
favoring an expansion in the c direction. In this material, a
newly formed 12MR channel that is distinct from the 10MR
of the MWW structure was detected after the removing of
SDA molecules, explaining this cell expansion. Ruan et al.
speculated that Ti centers could occupy the pillar sites, which
have a higher steric accessibility than network positions in
conventional 3D MWW or TS-1 materials (Figure 9) [14].
However, it is possible that, after the acid posttreatments
carried out in the Ti-MWW precursors, stacking faults
occur between the zeolitic layers in the final Ti-YNU-1
materials probably due to the presence of a high amount
of silanol groups related to defect sites not occupied by
Ti (Figure 10) [23]. This acid postsynthesis treatments and
the reversible structural conversion from MWW precursors
above exposed could be applicable to the preparation of
another metalosilicates, not only containing tetrahedral
titanium, as new layered materials with catalytic applications
[74]. Some of the Ti-MWW precursors here described have
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Figure 15: X-ray patterns of the layered MWW materials obtained
during the preparation of ITQ-2 delaminated zeolite.
been exfoliated as will be shown in future sections of this
paper.
Following the same structural approach considered by
Tatsumi et al. in the Ti-YNU-1 materials above described,
a new type of stabilized interlayer-expanded MWW zeolitic
materials (IEZ-MWW) has been prepared by the intercala-
tion in the interlayer space of monomeric silica puncheons
between the individual MWW layers as small pillars con-
formed by only one silicon atom, using normally SiMe2Cl2
or Si(EtO)2Me2 as stabilizer agents which react with the
external surface silanol groups. This way allowed, after the
removing of SDA molecules through calcination processes,
the generation of derived MWW materials with a novel
12MR microporous channel between the inorganic sheets
in which the strong acidity of zeolitic nature was preserved
(Figure 11). Specifically, the silylation carried out facilitates
that the new type ofMWWmaterials obtained exhibits struc-
tures with more accessible porosity, being this evidenced by
the shift observed in the diﬀraction bands to the lower-angle
region in the XRD patterns and the enlarged interlayer pores
found by HRTEM images. Recently, vapor-phase silylation
was used to obtain this type of IEZ-MWW layered materials
[75]. This methodology has also been applied in other
layered zeolitic precursors conformed by ferrieritic or CDO
individual sheets [24]. Additionally, tetrahedral coordinated
titanium, into the network of each MWW layers of the
expanded zeolites, has also been introduced by the previous
synthesis of Ti-MWW precursors in the presence of boron
sources [76].
It is remarkable that diﬀerent layered precursors were
prepared containing tetrahedrally coordinated metals incor-
porated into the framework of the individual MWW layers,
such as gallium [81], vanadium [82], lanthanum, or cerium
[83]. Normally, the incorporation of the metallic species was
achieved by hydrolysis and condensation of silicon reagents
with metallic salts in moderate acidic media followed
by a switch of synthesis slurries to basic conditions for
hydrothermal conditions.
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On the other hand, there are other tridimensional
zeolites with MWW topology which are not obtained
through layered precursors, but directly during the synthesis
process, such as MCM-49 [84, 85]. In this case, it was
concluded that the HMI/Na+ molar ratio in the synthesis gel
or the previous aging step favors the direct crystallization
of collapsed MWW materials [86, 87]. Additionally, the
MCM-56 zeolites are structurally similar to MCM-22, being
obtained directly during the synthesis processes, such as
MCM-49 [88]. However, in this material was observed a
partial disordered organization due to the presence of curved
packs of MWW sheets which provide a higher surface
area compared with the 3D MCM-22 (Figure 12) [25, 26].
Recently, Corma et al. have prepared the zeolite named
ITQ-30 which is similar to MCM-56 by high-throughput
synthesis techniques and using N(16)-methyl-sparteinium
as SDA [89]. Similarly, Roth et al. have reported a new
member of the MWW family named EMM-10 in which
the layers are stacked without vertical alignment, using
diquaternary ammonium molecules as template [90]. In
these last cases, the analysis structural carried out between
the MCM-56, ITQ-30, and EMM-10 layered zeolites shows
that they are similar, being only diﬀerenced for slight
modifications in the spatial organization of the piled MWW
layers perpendicularly disposed to axis c.
2.2. ITQ-2: The First Delaminated Zeolite. Inside the fam-
ily of delaminated zeolitic materials, ITQ-2 was the first
described into the state of art [91]. The preparation method
is based on the swelling and exfoliation of the MWW lay-
ered zeolitic precursors, previously synthesized, previously
described. The solid obtained is formed by individual MWW
layers of, approximately, 2.5 nm of thickness, exhibiting a
high external and accessible surface area (>700m2 g−1). The
nanolayers are structured by a hexagonal distribution of
“cups” present in both sides of the zeolitic sheets. These
calices are delimited by 12MR, showing an outer aperture
of, approximately, (0.7 × 0.7) nm and being connected
with the cups of the opposite side, into the same MWW
layer, through the double 6MR with a hexagonal prism
conformation. Additionally, sinusoidal channels delimited
by 10MR are present around the calices, along the internal
part of each individual MWW layer. In Figure 13, it is shown
the representation of the ITQ-2 delaminated zeolite.
The preparation procedure is illustrated in Figure 14
[48]. Specifically, a first swelling step is carried out using
MWWzeolitic precursors in the presence of alkylammonium
molecules, containing long hydrophobic chains, which act
as swelling agents. Normally, hexadecyltrimtehylammonium
(CTMA+OH−) or tetrabutylammonium (TBA+OH−) is
used to realize this function to separate the zeolitic sheets.
The swelling process can be followed by X-ray diﬀraction
because the low-angle patterns show amarked increase in the
basal space estimated from the first diﬀraction bands which
are representative of the layered order and the interlayer
separation. For example, in the case of CTMA+OH−, the
basal space is modified from 2.7 nm up to 4.5 nm, approx-
imately, due to the intercalation of the swelling molecules
ITQ-2
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Figure 16: Infrared spectra of the 3D MWW and ITQ-2 zeolitic
materials.
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Figure 17: Nitrogen adsorption-desorption isotherms of the
delaminated ITQ-2 and 3D MWW zeolites.
between the MWW layers (Figure 15). Nextly, the swollen
zeolitic precursor is exfoliated through a delamination step,
being possible the complete random separation in the
space of the individual layers to obtain finally the zeolitic
material conformed by disordered MWW sheets. This step
is carried out using, preferably, ultrasonic techniques or
othermechanical processes, such as vigorous stirring. Finally,
the solid is recovered by successive centrifugation washings.
The last step to obtain ITQ-2 delaminated materials consists
in the calcination process (813K) to remove the excess of
organic molecules which remain from the swelling step. It is
important to point out that, during the preparation route,
it is decisive to control carefully the pH and the swelling
temperature because when the synthesis is performed to pHs
and temperatures higher than 12.5 and 80◦C, respectively,
in the presence of CTMA+OH−, then it is favored the
generation of the M41S amorphous mesoporous materials
which are prepared in similar alkaline conditions together
with the intervention of surfactant molecules. On the
contrary, when the pH and swelling temperatures are lower
than 12.5 and 80◦C, then the delamination process does not
satisfactorily occur.
ISRN Chemical Engineering 9
0
20
40
60
80
100
120
140
MCM-22
ITQ-2
0.000001 0.00001 0.0001 0.001 0.01 0.1 1
A
ds
or
pt
io
n
 v
ol
u
m
e 
(c
c/
g)
(logarithmic scale)
10 MR
12 MR
p/p0
Figure 18: Ar adsorption isotherms of delaminated ITQ-2 and 3D
MWW zeolites.
−80 −90 −100 −110 −120 −130 −140 −150
Q2
Q3
Q4
δ (ppm)
ITQ-2
MCM-22
Figure 19: 29Si NMR spectra of the ITQ-2 and 3D MWW zeolites.
Figure 15 shows the X-ray diﬀractograms of the diﬀerent
layered zeolitic materials obtained during the preparation
of delaminated MWW solids [92]. Specifically, the ITQ-2
pattern does not present the two bands (001) and (002)
in the 2θ range between 3◦ and 7◦, being this due to the
order spatial loss of the individual zeolitic layers which were
previously ordered perpendicularly to axis c in the starting
MWW precursor. This result univocally confirms that the
ITQ-2 does not exhibit the characteristic regular and peri-
odic distribution of MWW layers separated between them by
2.75 nm such as correspond to zeolitic materials conformed
Table 1: Lewis y Bro¨nsted acid sites measured by pyri-
dine adsorption-desorption method for 3D MWW and ITQ-2
materialsa.
Sample
Acidity (μmolPy·g−1)
150◦C 250◦C 350◦C
Lewis Bro¨nsted Lewis Bro¨nsted Lewis Bro¨nsted
MWW 23 39 15 24 14 15
ITQ-2 23 21 20 15 15 9
a
Absorption coeﬃcients: Lewis (1455 cm−1): 2.22 cm/μmol and Bro¨nsted
(1545 cm−1): 1.67 cm/μmol [29].
by disordered nanosheets. Moreover, in the ITQ-2 pattern
are observed broad diﬀraction bands compared with the
3D MWW zeolites with the same Si/Al molar ratio, being
this fact due to the strong crystal size reduction combined
with the long order loss consequence of the delamination
process. It is also remarkably that the diﬀraction bands
observed in the ITQ-2 diﬀractogram, although the intensity
appreciated is low, correspond to diﬀraction bands (hk0)
representative of the planes ab of each individual MWW
layers. This fact confirms that the zeolitic framework of the
sheets is preserved during the performed exfoliation route.
The appreciated characteristics observed for the ITQ-2,
above commented, were completely confirmed from other
spectroscopic techniques such as FT-IR. Comparing the IR
spectra of the ITQ-2 and 3DMWWcalcinedmaterials shown
in Figure 16, it is observed a strong increase in the amount of
silanol groups (bands focused at 3743 and 960 cm−1) present
in the delaminated material which are located in the high
external surface of the individual MWW layers. Additionally,
it is observed, in the delaminated material, a decrease in
the total amount of Bro¨nsted acid sites due to the presence
of tetrahedral coordinated aluminum (band at 3623 cm−1),
being this due to a partial dealumination phenomenon
occurred during the exfoliation process. Consequently, it
is detected a diminution in the amount of Bro¨nsted acid
sites measured by pyridine adsorption-desorption method
(Table 1).
Spectroscopic studies related with the acidity of ITQ-
2 were carried out by Onida et al., considering several
samples of ITQ-2 with diﬀerent Al content (Si/Al = 50 and
25) and diﬀerent exfoliation degree, being characterized by
IR spectroscopy and compared to 3D MWW zeolites with
the same Al content, to evaluate the diﬀerence established
between the acid sites in the function of the accessibility
associated to delamination processes. Bro¨nsted acidity was
measured as the propensity of OH species to either protonate
ammonia or captures in H-bonds with suitable molecules
(CO, N2, n-heptane, olefins, and aromatics). On the other
hand, Lewis acidity was evaluated by measuring the spectra
of CO adsorbed at room temperature. Comparison with 3D
MWW samples showed that no appreciable loss in Bro¨nsted
acidity took place due to the delamination, although the
bridged species Si(OH)Al exposed at the external surface
disappeared, being probably converted into additional AlOH
acid sites (Scheme 2). These species were not directly
detectable through IR spectra, but indirect probes suggested
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Figure 20: TEM micrographs of (a) ITQ-2 and (b) 3D MWW zeolites.
Figure 21: TEM image of as-made UCB-1 material (according to
[33]).
their location at the external semicups present in the MWW
external surface. Additionally, bridged Si(OH)Al species were
also detected in the sinusoidal 10-MR channels included into
each individual MWW layers. Definitively, external AlOH
acidic species together with residual Si(OH)Al sites may be
responsible for the catalytic eﬃciency of ITQ-2 delaminated
zeolites [30, 93].
Inside the IR studies, the nature of external SiOH species
present in all-silica ITQ-2 and conventional mesoporous
MCM-41 materials was compared through their respective
equilibrium constants of the interaction with diﬀerent bases.
The results showed that the O–H stretching frequency and
acidity were rigorously the same in both materials with NH3
and CO. Acetone withMCM-41 exhibited a higher O–H shift
and a larger equilibrium constant. These appreciable diﬀer-
ences were attributed to secondary interactions between H-
bonded acetone and the surrounding of the SiOH species,
favored by the curved topology of the MCM-41 mesoporous
walls, being this eﬀect not detectable in the ITQ-2 due to the
crystalline zeolitic nature of the external surface [94].
The nitrogen adsorption isotherms showed in Figure 17
confirm that the ITQ-2 zeolite exhibits a high mesoporous
volume and elevated external surface area, overall when
these values are compared with the collapsed MWW zeolites
(Table 2), being this in consonance with zeolitic materials
conformed by individual layers with a random distribution
in the space, such as a conventional house-of-cards topology
[95]. The results obtained from argon adsorption isotherms
(Figure 18) confirm that both the structures of delaminated
and 3D MWW zeolites contain microporous with ∼0.5 nm
of diameter which correspond to internal 10MR sinusoidal
channels (adsorption close to p/p0 of ∼5 × 10−6). A second
inflexion point is additionally observed in the calcined
MWW isotherm close to p/p0 of ∼ 5 × 10−3 due to the
pores which are forming the 12MR supercavities. On the
contrary, this slope change in the Ar adsorption isotherms
is not observed in ITQ-2 because the delamination process
implies the disappearance of these cavities, remaining in the
external surface of each individual MWW layer a regular
distribution of “cups” from the no formed super-cavities
[96].
Interesting studies confirmed that the textural properties
of delaminated ITQ-2 materials are strongly influenced
by the role of framework aluminum. Particularly, the
amount of aluminum, finally present into the network of
MWW layers, was considered during diﬀerent ultrasound
treatments employed as exfoliation technique. The results
obtained showed that the delamination process is clearly
favored by a decreasing of the aluminum concentration in
the MWW starting precursors (Si/Al ratios >20) [97], being
remarkable that both in the ITQ-2 and in the respective
layered MWW(P), the aluminum remains in tetrahedral
coordination. This fact occurs probably because Al is
protected during the delamination process by the organic
cations used in the layered MWW precursor synthesis [98].
Additionally, the 29Si NMR spectra (Figure 19) show the
important strong diﬀerences between the MWW microp-
orous and delaminated zeolites. Specifically, the spectrum of
the 3D calcined MWW materials presents the intense bands
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Figure 22: HRTEM micrographs of single sheet (a) and pack of three sheets (b) of Del-Ti-MWW (according to [34]).
Table 2: Textural properties of delaminated ITQ-2 and 3D MWW zeolites.
Samples SBET (m2·g−1) SMIC (m2·g−1) SEXT (m2·g−1) VTOT (cc·g−1) Vmeso(cc·g−1)
MCM-22 453 342 111 0.524 0.169
ITQ-2 840 50 790 0.948 0.853
above −100 ppm corresponding to diﬀerent crystallographic
positions of Si(4Si), that is, the Q4 silicon atoms. In the
case of the ITQ-2 materials, this band is broaden, being
also appreciated another intense band close to −98 ppm
assigned to the appreciable amount of external silanol groups
≡Si–OH, named Q3 silicon atoms which are located in the
external surface area of each individual MWW layer and
another additional band at −92 ppm due to the terminal
geminal silanols, =Si(OH)2, Q2 silicon atoms present in
the borders of the zeolitic nanosheets, as consequence of
the generation of high accessible exfoliated materials with
elevated external surface area through the delamination
process.
The micrographs obtained from transmission electronic
microscopy (TEM) allow the identification of MWW indi-
vidual layers which are forming the delaminated ITQ-2
zeolite (Figure 20). It is possible to appreciate clearly both
the homogeneous distribution of “cups” present in the
external surface area of the zeolitic nanosheets, with a
(0.7 × 0.7) nm as dimensions, and the 10MR sinusoidal
channels which are located along the internal part of the
MWW layers. In comparison, in the 3D MWW zeolite,
the external “cups” are connected between them, generating
super-cavities delimited by 12 members’ central rings. This
characteristic morphology was confirmed by crystal struc-
tural studies from high-resolution powder X-ray diﬀraction
data, using synchrotron radiation and employing Rietveld
analyses for structure elucidation [99, 100].
Definitively, all the results obtained from the diﬀerent
characterization techniques, above exposed, clearly show that
the ITQ-2 delaminated zeolite exhibits the characteristics and
properties corresponding to high accessible zeolitic structure
conformed by individual MWW layers with a random
spatial distribution. The ITQ-2 combines the acidity and the
hydrothermal stability characteristic of conventional zeolites
together with the high accessibility to voluminous molecules
typical of the mesoporous aluminosilicates such as M41S
materials [101].
The strong alkaline conditions employed during the
delamination process, overall in the swelling step, together
with the ultrasonic exfoliating treatment favor the low-
silica yields obtained in the ITQ-2 materials due to the
partial dissolution of MWW zeolitic layers. For this, diﬀerent
studies have been carried out trying to obtain well-defined
and characteristic ITQ-2, employing soft conditions in the
preparation method. In this sense, recently, Ogino et al.
have synthesized the material so-called UCB-1 which is
synthesized through the delamination of zeolite precursor
MCM-22 (P), such as occurs in the conventional ITQ-2
zeolite, at pH 9 using an aqueous solution of cetyltrimethy-
lammonium bromide, tetrabutylammonium fluoride, and
tetrabutylammonium chloride. Characterization by powder
X-ray diﬀraction, transmission electron microscopy, nitro-
gen physisorption, 29Si MAS NMR, and infrared spec-
troscopies showed similarities between UCB-1 and the
previously reported delaminated ITQ-2 zeolitic material,
which required a pH higher than 12.5 and strong sonication
processes in order to achieve exfoliation. However, the
reduced external surface area finally detected in the UCB-
1 materials, close to standard 3D MWW zeolites, would
indicate that the disorder achieved with this methodology
is not complete. Probably, crystals conformed by several
packed and ordered MWW layers would be the individual
units of this partially exfoliated material. Specifically, this
methodology is based on exfoliation processes through
chemical deprotection steps, involving the breaking of Si–O
and Al–O bonds in the interlayer region. For this fluoride
anion is used because it is an established reagent for the
deprotection of silyl ethers and is known to form strong
interactions to Si(IV) cations. Additionally, chloride is used
because it is an aggressive anion for eroding anodized
aluminum. So, the authors conclude hypothesizing that
12 ISRN Chemical Engineering
OH
OHOHOHOHOHOHOHOHOHOH
OHOHOHOHOHOHOHOHOH
OH
OHOHOHOH OH
OHOHOHOH OH
OHOHOHOHOHOH
OO OHOHOHOHOH
Ti
OO
Ti
OO
Ti
OO
Ti
OO
OH
Ti
HOOH
Ti
O
O
O
OO O
OH
Ti
OO
OH
Ti
HO
2Cl2
3
Calcination, 540◦C
(1) TiCp
(2) NEt
Figure 23: Grafting of titanocene on ITQ-2 external surface area
(according to [35]).
delamination can be successfully conducted using a mixture
of fluoride and chloride anions (Figure 21) [33].
Following this methodology based on the delamination
of MWW layered precursors in soft conditions, Tsapatsis
et al. identified the swelling step as decisive to avoid
substantially the partial loss of crystallinity in each individual
MWW layer following the standard conditions proposed by
Corma et al. [102]. Specifically, the swelling method here
employed did not alter drastically the crystal morphology
and layer structure, preserving the nature of the MWW
layers. For this, the MCM-22(P) swelling was carried out
at room temperature. The low-temperature process did not
disrupt the framework connectivity present in the parent
MCM-22(P) material. The swollen material was partially
exfoliated and the well-preserved layers were introduced into
a polymer matrix to generate novel nanocomposites [42].
On the other hand, during the study above considered
related with the description of MWW ordered precursors, it
was remarked the preparation of Ti layered materials from
Wu et al. after the combination of acidic and deboronation
processes with the assistance of cyclic amine through post-
synthesis treatments [72]. The delamination route carried
out to exfoliate the Ti-MWW lamellar precursor allowed
to obtain a new titanosilicate, named Del-Ti-MWW, with
tetrahedral titanium presents into the framework of the
individual zeolitic layers which was incorporated directly
during the synthesis process. The delamination experiments
performed with this Ti-MWW precursor showed that the
amount of organic base used for supporting surfactant in
swelling the layered structure should be controlled carefully
to delaminate eﬃciently without collapsing and destroying
the zeolitic structure. Moreover, additional ultrasound treat-
ments were demonstrated as useful to exfoliate completely
the swollen materials, such as it was previously indicated for
the conventional purely siliceous ITQ-2 or with tetrahedral
aluminum into its network. In fact, delaminated Ti-MWW
zeolites were prepared with elevated surface area, higher
than 1000m2 g−1. The success of the delamination process
was completely confirmed from TEM images which showed
crystalline materials conformed by fewer sheets than 3D
Ti-MWW, being even possible to appreciate single MWW
sheets (Figure 22) [34]. This method could be a serious
alternative to incorporate active titanium into the framework
of delaminatedMWWmaterials directly during the synthesis
process, avoiding postgrafting steps to covalently anchor,
onto the external surface of MWW zeolitic layers, active
titanium complexes such as titanocene, which partially
blocked the free porous volume (Figure 23) [35].
In this last example, it has been shown that as the external
surface area exhibited by the ITQ-2 delaminated materials
can be used to covalently incorporate another organic active
species, organocatalysts, through the numerous accessible
SiOH groups located on the MWW individual layers,
being generated novel organic-inorganic solid materials with
multiple applications, overcoming the limitations imposed
by the organic, soluble compounds related with their stability
and recovering. Another illustrative example, related with the
preparation of hybrid organic-inorganic exfoliated derivative
materials, comes from the incorporation of heterogenized
porphyrins and metaloporphyrins on robust solids such as
purely siliceous ITQ-2 zeolites, acting as inorganic matrixes.
In this case, two diﬀerent strategies for preparation of these
catalysts were studied, based on direct immobilization of
a functionalized porphyrin (route A) or heterogenization
of an aromatic aldehyde followed by porphyrin formation
(route B). The results showed that route A leads stable
materials, allowing the introduction of a higher amount
of active metaloporphyrin onto the support (from 0.3 to
0.4mmol g−1). On the contrary, route B was not successful
for the porphyrin formation onto the external surface of
the MWW layers (Scheme 3). Definitively, this methodol-
ogy, through the anchoring of organic active and soluble
compounds, would be useful to generate promising hybrid
heterogeneous catalysts [46].
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layered zeolitic precursor (according to [40]).
2.3. MCM-36: Pillared Zeolitic Material with MWWTopology.
Such as it occurs with clays, hydrotalcites, and other inor-
ganic lamellar materials, the layered zeolitic precursors can
also be successfully pillared by permanent covalent interca-
lation of organic or inorganic species, or the combination
of them, into the interlayer space [103]. This fact would
allow not only to increase the accessibility to internal space
of microporous zeolites, but also to incorporate additional
active sites located between the inorganic zeolitic sheets.
Specifically, Kresge et al. reported the MCM-36 as the first
pillared zeolite which is formed by MWW-type inorganic
layers [104]. The preparation of this material is based on a
starting swelling step by the cationic exchange of alkylam-
moniummolecules (C16TMA+OH−) which are placed in the
interlayer space separating theMWW layers. In a second step,
the swollen precursor is pillared at an inert atmosphere using
tetraethylorthosilicate (TEOS) which is finally hydrolyzed
and calcined [105]. In Figure 24, the XRD patterns and the
graphical representation of the diﬀerent MWW derivative
materials obtained from the layered zeolitic precursors are
shown to finally obtain the pillared MCM-36 zeolites. It was
observed that the MWWwell-defined (002) diﬀraction band
located at 1.35 nm (6.5◦ 2θ) disappears during the swelling
process, with an intense band at low-angles indicating that
the interlayer space is strongly increased up to values higher
than 5.0 nm being appreciated. Taking into account that each
MWW individual layer presents a thickness of 2.5 nm, the
additional space of 2.5 nm generated between the sheets is
due to the eﬀective presence of C16TMA+ molecules which
are perpendicularly placed to the inorganic zeolitic layers.
This interlayer separation is maintained after the insertion of
silica pillars from TEOS to obtain finally the MCM-36 zeolite
[40].
In Figure 25, the representation of the pillared MCM-
36 zeolite is shown. In this scheme it is evidenced the
10MR sinusoidal channels into the MWW zeolitic layers
which remain unmodifiable. On the contrary, the delimited
12MR supercages, which are formed after the linkage of
the MWW layers, are not formed after the pillarization
process, being generated a new type of mesoporous cavities,
which exhibit 2.5 nm–3.0 nm as pore diameter, due to the
eﬀective silica pillars intercalation. As a consequence of the
pillarization, the BET surface area obtained for the MCM-
36 is strongly increased compared with the microporous 3D
MWW zeolites. The main advantage of the mesoporous dis-
tribution generated in the MCM-36 was the easy accessibility
achieved to internal acid active sites, overall for voluminous
reactant molecules which take part in diﬀerent catalytic
processes [106]. On the contrary, the pillared materials, such
as the MCM-36 zeolites, show the important inconvenient
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Figure 25: Graphical representation of pillared MCM-36 zeolitic
material.
Figure 26: TEM images of MCM-36 derivatives pillared with
intercalates MgO–Al2O3 (according to [41]).
associated to the partial blockage of active sites, present in
the external surface of MWW layers, due to the intercalation
of silica pillars in the interlayer space [107].
However, this problem can be partially reduced through
the intercalation of metal oxide pillars instead of silica pillars
which can supply additional active sites, compensating the
loss of activity due to the blockage associated to pillarization
process, preserving the mesoporous textural properties. In
this way, alumina and magnesia-alumina were used for
pillaring the MWW layered zeolitic precursors to prepare
new varieties of MCM-36 molecular sieves. Specifically,
Figure 27: TEM image of MCM-36 obtained from MWW layered
precursors swollen at room temperature (according to [42]).
∼40 A˚
∼12.5 A˚
Arylic pillar
Figure 28: Graphical representation of a layered hybrid material
obtained by pillaring with BTEB silsesquioxane molecules (accord-
ing to [47]).
pillaring with alumina generates mesoporous materials with
lower surface areas than those pillared with silica, being
necessary elongated aging of the alumina pillaring solutions
to obtain mesoporous regular materials. Application of
magnesia in combination with alumina yields in a higher
spatial disorder of the MWW layers. However, the employ
of MgO–Al2O3 as pillaring agents implies the preparation
of MCM-36 materials with significantly higher mesoporosity
(pore size diameters between 2–4 nm) compared with the
use of only alumina as structural pillars (Figure 26) [41].
Following this approach, other mixed oxides were used as
pillaring agents, such as BaO–Al2O3, Al2O3–SiO2, MgO–
Al2O3–SiO2, and BaO–Al2O3–SiO2, with successful results
to obtain homogeneous zeolitic materials with additional
ISRN Chemical Engineering 15
0.2
0.15
0.1
0.05
0
MWW
ITQ-2
K
in
et
ic
 r
at
e 
co
n
st
an
t 
(s
−1
)
DIPB Gasoiln-decane
Figure 29: Comparison of the first-order kinetic rate constants
for the cracking of n-decane, 1,3-diisopropylbenzene (DIPB), and
vacuum gasoil over the MWW-type zeolite and ITQ-2 delaminated
materials (according to [48]).
mesoporous interlayered galleries [108, 109]. These MCM-
36 derivatives could even be considered as acid-base bifunc-
tional materials which would contain enhanced Lewis acid-
ity, generated by pillaring with aluminum oxides, additional
Bro¨nsted acid sites of higher strength than the sites in the
zeolitic layers, assigned to the silica-alumina clusters in the
interlayer galleries, and base properties by the incorporation
of alkaline earth oxide aluminates (MgO/BaO–Al2O3) into
the interlayer space [110, 111].
On the other hand, additional studies have been car-
ried out with the objective to obtain the most eﬃcient
expansion methods of MWW layered zeolitic precursors,
being this decisive to prepare homogeneous pillared MCM-
36 derivatives with higher accessibility without crystallinity
and activity losses. In this sense, the employ of concentrated
surfactant solutions with high pH provided swollen MWW
materials that were successfully converted to pillared MCM-
36 zeolites. Specifically, optimal high pH of the swelling solu-
tions was obtained by the addition of tetrapropylammonium
hydroxide and by the partial conversion of the surfactant
chloride into hydroxide by ion exchange. The catalytic
potential of the solids was analyzed based on IR spectra
and specific surface area, showing that there was an overall
decrease in acid site concentration due to the incorporation
of inert silica pillars. However, the MCM-36 zeolites with
the highest external surface showed a marked adsorption
increase of 2,6-di-tert-butyl-pyridine by 75% compared
to the starting MWW(P), which suggested an elevated
accessibility of acid sites for bulky probe molecules. So, it
was concluded that concentrated surfactant solutions were
suitable for the eﬀective zeolitic precursors swelling, even at
room temperature, being possible the reuse of the swelling
solutions to optimize a more sustainable methodology [112].
An important associated problem to the MCM-36
synthesis method is the similarity between the conditions
employed (high pH, high temperatures, and the presence
of surfactants in the synthesis media) to prepare the
pillared and the conventional mesoporous M41S materials.
Although, the suitable combination of diﬀerent characteri-
zation techniques (X-ray diﬀraction, sorption isotherms, and
microscopic images, preferably) allows to clearly evidence the
diﬀerences between the mesoporosity due to conventional
M41S solids or attributed to pillaring process, significant
studies have been carried out to find the optimal conditions
to obtain pillared zeolites, avoiding the possible formation
of standard mesoporous materials, as impurities, during the
preparation of MCM-36 derivatives [113]. More specifically,
the strong alkaline conditions and high temperatures used
during the swelling process normally carried out can favor
the disruption of the MWW layered structure and the
partial dissolution of the silica zeolitic sheets composition.
Taking into account this and trying to avoid this problem,
Tsapatsis et al. employed mild conditions in the swelling step
working meanly at room temperature, as it was above shown
about the delamination process. This modified approach to
swell MWW zeolitic precursors allowed to prepare MCM-36
analogue materials conformed by well-defined MWW layers
which preserve their morphology and crystalline structure
(Figure 27) [42].
Recently, advancing in the pillarization concept, multi-
functional hybrid organic-inorganic catalytic materials with
a hierarchical system of well-defined micro- and meso-
pores have been prepared from MWW zeolitic precursors
by intercalation and stabilization in the interlayer space
of aminoaryl-bridged silsesquioxanes between inorganic
MWWzeolitic layers. The organic linkers were conformed by
two condensed silyl-acrylic groups from disilane molecules,
such as 1,4-bis(triethoxysilyl)benzene (BTEB), which reacted
with the external silanol groups of the zeolitic layers.
The hybrids contained micropores within the inorganic
layers and a well-defined mesoporous system between the
organic linkers. An amination posttreatment introduced
basic groups in the organic linkers close to the acid sites
present in the structural inorganic counterpart due to the
presence of framework aluminum. Through this methodol-
ogy it has been possible to prepare bifunctional acid-base
catalysts where the acid sites are of zeolitic nature located
in the inorganic building blocks and the basic sites are part
of the organic structure (Figure 28). The resultant materials
acted as bifunctional catalysts for performing a two-step
cascade reaction that involved the hydrolysis of hemiacetals
followed by Knoevenagel condensation processes, inside C–
C bond formation reactions [47].
3. Catalytic Processes of
Highly Accessible MWWZeolites
Heterogeneous catalysis is an important topic in fine and
bulk chemical processes, such as pharmaceutical manufac-
ture and petroleum refining, being hugely used as catalysts
based on metal(alumino)silicates to perform these types of
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reverse microemulsion on the silylated ITQ-2 zeolite (according to [53]).
reactions, combining high stability with excellent activity.
Inside this class of materials, zeolitic microporous crystalline
solids with three-dimensional framework structures have
occupied a relevant place because they exhibit a simi-
lar activity compared with soluble standard catalysts and
improve the hydrothermal stability of mesoporous structures
which contain amorphous walls. Further, they impart shape
selectivity on the reaction products. However, the selectivity
achieved through uniformly sized pores and channels,
present in the structure of microporous zeolites, implies
important size constraints on the accessibility to reactants,
intermediates, and products. The use of open zeolites,
obtained from pillaring or delaminating mechanisms, would
allow expanding the number of reactions that zeolites could
carry out. For this, the employ of the ITQ-2 and MCM-36
derivative zeolites as catalysts has been hugely used in the last
years with excellent results [114, 115].
3.1. Bulk Chemical Processes. The open MWW structures,
generated from ordered layered precursors, have allowed
the employ of pillared and delaminated zeolites as eﬃcient
catalysts to carry out reactive processes in which take part
compounds with elevated molecular sizes. The MCM-36
and ITQ-2 materials are aluminosilicates whose zeolite-type
catalytic sites are contained within thin and readily acces-
sible sheets. Several and suitable performance reactive tests
showed that the pillarization and delamination processes
improved the accessibility to the catalytic sites preserving
their intrinsic activity.
Specifically, the catalytic potential of ITQ-2 was evi-
denced by means of a fixed-bed, small-scale catalytic-
cracking test, using n-decane as a model feed. The con-
versions of the reactant observed at diﬀerent contact times
were used to calculate first-order rate constants, showed
in Figure 29, being appreciated similar rate constants for
n-decane cracking which showed that the 3D MWW-type
zeolite and ITQ-2 delaminated material exhibited similar
activities. So, the delamination process did not destroy the
zeolitic nature of the catalytic sites in ITQ-2. However, the
selectivity of ITQ-2 and the MWW-type zeolites are strongly
diﬀerent, catalyzing the ITQ-2 the formation of significantly
more liquid and less gaseous product than 3D MWW-type
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to obtain ITQ-2 materials (according to [30]).
zeolites. In this case, the relative amount of gas formation
provided a measure of the extent to which the initial liquid
products were additionally cracked in consecutive reactions,
being this fact indicative of catalytic-site accessibility. The
reduced gas formation observed with ITQ-2 confirmed
that a few consecutive reactions took place and the initial
products diﬀused more rapidly in the delaminated ITQ-
2 than in the microporous MWW-type zeolite. Moreover,
the advantages of the higher site accessibility, without the
associated problems in the ITQ-2 materials, were clearly
appreciated when larger molecules are used as feedstocks,
such as di-isopropylbenzene and vacuum gasoil, being the
ITQ-2 more active (Figure 29) as well as more selective
than the MWW-type zeolite, yielding more of the valuable
gasoline and diesel products and less gas and coke. In general,
all these results showed the benefits due to the increased
accessibility to the catalytic sites for larger organic molecules
which react only at the external cups of this material [48, 95].
Similar results were observed for cumene cracking and 1,3,5-
tri-isopropylbenzene dealkylation, being appreciated that
the delamination processes favor the preparation of more
accessible heterogeneous catalysts to bulky molecules, but
weakening their acid strength [116].
Following this tendency, the ITQ-2 showed excellent
results for the cracking or hydrotreating light cycle oil (LCO)
fractions, which are provided directly from fluid catalytic
cracking units, being the performances comparable to those
obtained for pore and large pore zeolites, such as ZSM-5,
MCM-22, USY, or Beta [117]. Specifically, catalysts based on
Ni–Mo and Pt supported on the delaminated ITQ-2 zeolites
were prepared and their catalytic properties evaluated for the
mild hydrocracking (MHC) of vacuum gas oil and aromatic
hydrogenation. In the case of MHC of vacuum gas oil,
NiMo/ITQ-2 displayed a higher hydrocracking activity than
NiMo/SiO2–Al2O3 and NiMo/γ-Al2O3 and even a higher
activity than NiMo/USY. Moreover, NiMo/ITQ-2 exhibited
selectivity to middle distillates intermediates between those
of NiMo/USY and NiMo/SiO2–Al2O3. For hydrogenation
of naphthalene, Pt/ITQ-2 showed a higher activity than
Pt/γ-Al2O3 and Pt/SiO2–Al2O3 but a lower activity than
Pt/USY with similar Pt loading (Scheme 4). This is due to
the existence of Pt centers in the 10MR channels of ITQ-
2 which are not accessible to the naphthalene molecules. In
fact, Pt/ITQ-2 was markedly more active than Pt/USY for the
hydrogenation of benzene, which can react with the metal
sites placed into the 10MR channels of the delaminated
ITQ-2 zeolite. Furthermore, Pt/ITQ-2 exhibited the highest
aromatic reduction when it was used a hydrotreated light
cycle oil (HT-LCO) feedstock. In this case, the larger
external surface area of ITQ-2 favored the hydrogenation
of the voluminous aromatic molecules included in the
HT-LCO. This behavior is explained by the characteristic
structure of the delaminated ITQ-2 zeolite, which combines
the eﬃcient activity of zeolites with the desired selectivity
of metallic catalysts, overcoming the diﬀusional problems
conventionally associated microporous materials [118].
Interestingly, cobalt particles were incorporated onto the
high external surface of ITQ-2 zeolites, previously silylated,
through reverse-micelle synthesis, generating excellent cat-
alysts for Fischer-Tropsch synthesis (FTS) which showed
a uniform Co(0) particle size distribution in the 5–11 nm
range [119]. Inside this topic, improved synthesis method-
ologies allowed to obtain cobalt metal nanoparticles around
4-5 nm in size in the core of reverse micelles on the surface
of delaminated ITQ-2 zeolites. The deposition method
combined with the high accessibility and stability of the
support allowed breaking the dispersion-reducibility depen-
dence inherent to very small cobalt particles, avoiding long-
lasting problems in studying particle size eﬀects in highly
dispersed cobalt-type Fischer-Tropsch catalysts (Figure 30)
[53]. Alternatively, following this line, cobalt catalysts sup-
ported on all-silica delaminated ITQ-2 zeolites were prepared
by impregnation with aqueous Co(NO3)3 solutions. The
results obtained under FTS conditions revealed that the
high dispersion and reducibility of cobalt particles in Co-
ITQ-2 favor the higher selectivity toward the formation
of C5+ hydrocarbons, being this fact also associated to a
very elevated concentration of coordinatively unsaturated
Co(0) sites which exhibit an enhanced electron d that might
stabilize surface hydrocarbon intermediates favoring chain
growth processes [120]. Inside these catalytic studies, Co-
ITQ-2 behavior was considered for the direct conversion of
syngas to mainly high-octane gasoline-range hydrocarbons,
using the standard FTS process. Specifically, the presence of
the internal 10-MR (member ring) in the MWW individual
layers, as medium-pore sinusoidal channels, increased the
gasoline yields, enhancing the generation of branched prod-
ucts. These results can be explained due to the promotion of
isomerization and cracking of long-chain (C13+) n-paraﬃns
formed during the Fischer-Tropsch reaction. The activity is
normally determined by the surface acidity rather than by the
total amount of Bro¨nsted acid sites, being possible to observe
limitations for the diﬀusion of the long-chain n-paraﬃn
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through the 10-MR channels under FTS conditions. For this,
the ITQ-2 materials with the largest surface area exhibited
the highest initial yields of branched gasoline-range products
[121].
Bifunctional ITQ-2 derivative catalysts were prepared
combining the Bro¨nsted acidity due to the framework
aluminum with the presence of molybdenum onto the
external surface. These delaminated zeolites were used for
the methane dehydroaromatization (MDA) reaction. In this
process, the Si/Al ratio, and thus the Bro¨nsted acidity, of
the zeolite aﬀected both the conversion and the selectivity
to the diﬀerent products (CO, C2, benzene, toluene, and
naphthalene). The highest activity and aromatics yields were
obtained for the delaminated zeolite with the lowest Si/Al
ratio (Si/Al = 15), exhibiting the maximum Bro¨nsted acidity,
while the highest benzene selectivity (∼70%) occurred for
the zeolite with Si/Al = 25. The selectivity to naphthalene
increased with decreasing the Si/Al ratio, that is, with
increasing the density of surface Bro¨nsted acid sites. It
was also confirmed that the reduction of surface acidity in
ITQ-2, through post-synthesis treatment with oxalic acid,
strongly reduced the formation of naphthalene, resulting in
enhanced benzene selectivity (∼75%) [122]. Additionally,
the doping of MCM-36 with external metallic species
based on molybdenum or nickel allowed the preparation
of excellent catalysts methane nonoxidative aromatization
[123] or ethylene oligomerization [124, 125], respectively.
This fact confirmed the benefits associated to the presence of
stable active metallic sites onto the accessible external surface
area present in the layered materials derived from MWW
precursors.
The benefits of the high surface area and the acid sites
accessibility, without the associated loss of hydrothermal
stability and acidic strength, exhibited by delaminated
zeolites were taken as an advantage to carry out skeletal
isomerization and dehydroisomerization of 1-butene and n-
butene to isobutene or alkylation of toluene with methanol,
avoiding in both cases the extensive coke formation, allowing
easily the pore diﬀusion of reactants and products even
in steady state (Scheme 5) [54, 126]. Following this line,
alkylation of biphenyl or benzene with propylene in gas phase
was also carried out using delaminated ITQ-2 and pillared
MCM-36 zeolites. In this case, the influence of the peculiar
disordered structure and morphology on reaction activity
and selectivity was studied, being observed that the catalytic
process took place mainly on the external surface, which
indicates that the dimensions of intralayer sinusoidal 10MR
channels inhibit the diﬀusion of the bulky reactants inside
the zeolitic pores [127, 128].
This last reaction process was also used to compare
the activity of diﬀerent catalysts derived from MWW pre-
cursors, that is, MCM-22, MCM-36, and ITQ-2, for the
liquid-phase phenol alkylation by t-butanol. The results
obtained confirmed that by pillaring or delamination, the
contribution of acid sites located on the external cups is
increased which implied that, during the reaction process,
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large reaction intermediates and products, which are diﬃcult
to be accommodated within sinusoidal microporous internal
channels, are strongly favored [129, 130].
On the other hand, interesting catalysts based on Ni and
Co supported on purely siliceous delaminated ITQ-2 zeolites
were synthesized and catalytically used for bioethanol steam
reforming. The study showed that Ni-ITQ-2 zeolite was
the most active material while ITQ-2 zeolite containing
cobalt exhibited the highest H selectivity and the lowest CO
selectivity. Moreover, it was appreciated that coke deposition
occurs in both materials, although deactivation was not
detected during the reaction. In this case, the structure
and physicochemical characteristics of the ITQ-2 zeolites, as
accessible supporting matrixes, clearly favor the high activity,
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selectivity, and stability during the steam reforming processes
[131].
The advantages associated to the employ of more accessi-
ble MWW zeolites as catalysts, combined with their intrinsic
acidic strength, could be positive when take part in reactive
processes at industrial scale. In this sense, delaminated
zeolites derivatives materials were eﬃcient catalysts for the
synthesis of diaminodiphenylmethane (DADPM), that is, the
polyamine precursor in the production of MDI (methylene
diphenylene diisocyanate) for polyurethanes (Scheme 6).
The exfoliation methodology increases markedly the acces-
sibility of the active sites to reactant molecules as well as
the fast desorption of products, exhibiting the delaminated
zeolitic materials higher activity and slower rates of deactiva-
tion than their corresponding tridimensional microporous
zeolites. Additionally, the topology of the delaminated
structure allows modulating the isomer distribution of the
products. Indeed, it was possible to produce DADPM crude
under industrial production specifications with delaminated
zeolites used as catalysts, being this a real opportunity
to replace HCl as conventional catalysts for the industrial
generation of DADPM [55].
Recently, the open structure of the delaminated zeolites
has been investigated for methanol to olefin conversion
(MTO) [132] and dehydrogenation of propane to propylene
in the presence of CO2 over ITQ-2 supported gallium
oxide and compared with the supported microporous H-
ZSM-5. In this last case, ITQ-2 catalysts showed higher
selectivity to propylene and better stability due to higher
accessibility, minor diﬀusion problems, and lower amount
of strong Bro¨nsted acid sites [133]. Similar conclusions
were formulated by Lacarrie et al. for the conversion of
methanol to hydrocarbons (MTHs) catalyzed by MCM-36
zeolites where it was observed that the diﬀusion of bulkier
species produced is facilitated which resulted in a lower
deactivation rate compared to the purely microporous 3D
MCM-22 catalyst. Moreover, the low density of acid sites
in MCM-36 materials avoided secondary by processes, such
as aromatization and hydrogen transfer which favor the
generation of aromatics and coke precursors [134].
On the other hand, pillared MCM-36 zeolites have
also been used as excellent catalysts in bulk chemical
processes related with the in situ reduction of NOx from
fluid catalytic cracking (FCC) units with the objective to
develop more sustainable chemical processes. In this case,
the open and ordered mesoporous structure generated after
the intercalation of organic or inorganic spacers between
the MWW individual layers makes easier this reduction
step during the FCC regeneration. Specifically, MCM-36
materials containing mixed oxide pillars, such as MgO–
Al2O3, BaO–Al2O3, MgO–Al2O3–SiO2, or BaO–Al2O3–SiO2,
were investigated as additives for this in situ reduction of
NOx , showing high NO conversions (∼85%) and high N2
yields (∼80%) under oxygen-deficient reaction conditions
[108, 109, 135].
Recently, interesting studies have been performed by
Tsapatsis et al. elucidating the catalytic behavior of Bro¨nsted
acid sites in MWW zeolites with dual meso- and microp-
orosity, such as MCM-36 derivatives. In this case, ethanol
dehydration and monomolecular conversion of propane and
isobutane were considered as test reactions. The results
clearly corroborated that the rate and activation energy in
zeolites possessing dual meso- and microporosity were com-
parable to conventional microporous 3D-MWW materials,
implying this fact that, in pillared zeolites, the catalytic
behavior of Bro¨nsted acid sites is preferentially dominated by
the microporous environment because it provides a better fit
for adsorption of small alkane or alcohol substrates [136].
3.2. Fine Chemical Processes. Taking into account the prece-
dent section, it has been corroborated the benefits of open
structure exhibited by the pillared and exfoliated materials
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derived from MWW precursors in which is successfully
combined the high accessibility to active sites without diﬀu-
sion problems and characteristic of amorphous mesoporous
materials, together with the crystallinity, hydrothermal sta-
bility, and acid strength exhibited by conventional zeolitic
materials. These cooperative properties are evident when
bulky molecules take part during the catalytic process, being
possible to use bothMCM-36 and ITQ-2 derivative materials
as eﬃcient catalysts to carry out also Fine Chemistry
processes to obtain high value products with application in
pharmaceutical, perfumes and fragrances, cosmetic, or food
[137].
Inside this research field, delaminated materials obtained
by grafting of titanocene was used as an excellent catalyst
for epoxidation of olefins, yielding high conversions and
selectivity to the desired epoxides [14] such as occurs with
the Ti-ITQ-2 zeolites which contained tetrahedrally coordi-
nated titanium after deboronation processes [34]. Related
with this topic, comparative study of silane oxidations,
olefin epoxidations, and thianthrene 5-oxide sulfoxidations,
using the catalysts Ti-β and grafted Ti-ITQ-2 with H2O2
and t-BuOOH as oxidants, was carried out. The results
showed that the steric constraints of the narrowmicroporous
channels make the Ti-β zeolite the most selective. But, the
more open structures of the Ti-ITQ-2 materials, where the
steric constraints are less acute, exhibited a lower selectivity.
However, the catalytic reactivity is comparable for both type
of heterogeneous catalysts. It is remarkable that delaminated
materials activated t-BuOOH for oxygen transfer through
a transition structure similar to homogeneous Ti(OiPr)4/t-
BuOOH oxidant (Scheme 7) [56]. Following this line, the
preparation of anchored Ti-ITQ-2 catalysts was improved by
combining catalyst characterization, molecules descriptors,
and high-throughput techniques for the epoxidation of large
olefins and fatty esters, such as methyl oleate, being this
approach potentially eﬀective for the eﬃcient design and
screening of catalysts with industrial applications [138, 139].
Similarly, excellent catalytic yields in 1-hexene and propylene
epoxidation reactions, using H2O2 as oxidant agent, were
carried out in the presence of Ti-MCM-36 as solid catalyst
[140].
The high external surface area, with a big amount of
reactive silanol groups, exhibited by the ITQ-2 materials
is useful to anchor diﬀerent organocatalysts, such as chiral
salen or Schiﬀ base complexes, obtaining interesting asym-
metric catalysts. It is the case of chiral chromium salen
compounds which were grafted on previously aminopropyl-
functionalized ITQ-2 materials for enantioselective epoxide
ring opening reactions. In this study, was confirmed that
in the catalysts in which the anchoring was carried out
through coordination bonds with the metal, then high
enantiomeric excesses were obtained (up to 70% e.e.), but
leaching phenomenon was observed. On the contrary, for
the solids in which the complex was covalently attached to
the surface then it was not observed leaching, being the
e.e. more reduced (<20%) compared to those obtained in
homogeneous catalysis (>50%) (Scheme 8) [57].
Into this family of chiral delaminated zeolites, it was
observed a cooperative eﬀect between the support (ITQ-
2) and stabilized salen (Pd and Ni) complexes. This matter
was studied through the immobilization of chiral salen
palladium and nickel complexes [salen = (R,R)-N′,N′-bis-
(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine] on
delaminated ITQ-2 zeolites, being used to catalyze the
hydrogenation of imines and alkenes. The high accessibil-
ity introduced by the structure of the exfoliated zeolitic
supports allowed the preparation of eﬃcient solid catalysts
with TOFs of 200 × 103 h−1. It was appreciated that
the presence of slight acidity due to the zeolitic support
doubles the catalytic activity by stabilizing the charged
transition state compared with the homogeneous catalyst
(Scheme 9). Moreover, the chiral catalyst was reused without
deactivation after repeated recycling [58, 141]. Related with
this type of organic-inorganic materials, Gonza´lez-Arellano
et al. prepared catalysts from Pd-complexes supported
on siliceous delaminated zeolites which implied the use
of the Schiﬀ bases 2-tert-butyl-4-methyl-6{(E)-[(2S)-1-(1-
arylmethyl)pyrrolidinyl]imino}methylphenol (aryl = Ph, 1-
naphthyl, 2-naphthyl) as anchored ligands. The results
confirmed the high reactivity and recyclability of these het-
erogenous catalysts for Heck and Suzuki coupling reactions
under phosphine-free conditions (Scheme 10) [59].
Inside this line, Sabater et al. reported that the catalytic
behavior and enantioselectivity of three diﬀerent chiral
Mn(III) salen complexes anchored to ITQ-2-type delam-
inated zeolitic materials were strongly dependent on the
attachment nature established between the complexes and
the zeolitic surfaces through chiral equatorial tetradentate
salen ligand or via the apical ligand. This conformational
factor together with the tuning of the hydrophobicity of the
external surface allowed to optimize the selectivity to obtain
chiral epoxides. In principle, the attachment of the complex
through the equatorial position of the metal complex led
to a strong reduction in enantioselectivity. On the contrary,
when the complexes were fixed to the respective delaminated
supports through the axial coordinating ligand were active
and more enantioselective toward epoxidation of several
prochiral alkenes (Scheme 11) [60].
Similar approaches were followed by the stable incor-
poration of chiral vanadyl Schiﬀ base complexes anchored
on ITQ-2 delaminated materials as solid enantioselective
catalysts for the formation of cyanohydrins, being possible
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to optimize the asymmetric induction by external sur-
face modification (Scheme 12). Specifically, vanadyl Schiﬀ
base complexes, having a terminal carbon-carbon double
bond pending alkyl chains of various lengths attached
to the para-position of the salen ligand, were previously
obtained and anchored on purely siliceous ITQ-2 through
mercaptopropylsilyl pended groups. The solids were used
as enantioselective catalysts for the reaction of aldehyde
with trimethylsilyl cyanide and low ee results, compared to
homogeneous catalyst, were observed. However, a strong
increase of the enantioselectivity was obtained after the post-
synthesis silylation of the external free silanol groups present
in the individual MWW sheets. In this case, the achieved
enantiomeric excess was 85%, that is similar compared to the
90% measured for the soluble catalyst [142].
Heterogeneous hybrid materials based on open MWW-
type zeolites have not only been formed by the stable
and covalent immobilization of organocatalysts such as
chiral salen complexes. In this sense, prefixed chiral triaza
ligands onto the ITQ-2 external surface allowed the final
incorporation of palladium, rhodium, or iridium complexes
which were active for olefin hydrogenation reactions. The
results obtained for these catalysts showed that the activity
and selectivity were higher to that observed under homoge-
neous conditions owing to support interaction. Additional
absorption analyses of the reaction solutions revealed that
there is no metal leaching during the catalytic process which
corroborated the high stability of the materials (Scheme 13)
[61]. Another type of simpler anchored systems directly
based on chiral amines, containing pyrrolidine skeleton,
was studied to generate ITQ-2 derivatives which were
successfully employed as catalysts in the Michael addition
of ethyl 2-(oxo)cycloalkanecarboxylic acid esters to acrolein
(Scheme 14) [143].
More sophisticated mononuclear N-heterocyclic car-
bene-gold complexes were also immobilized on delaminated
zeolite ITQ-2, exhibiting high performances in the hydro-
genation of alkenes and the Suzuki cross-coupling reaction,
favoring selectively nonsymmetrical biaryls. The elevated
accessibility introduced by the structure of the exfoliated
supports facilitated the preparation of highly eﬃcient immo-
bilized catalysts with TOFs up to 400 h−1 (Scheme 15) [62].
Similar gold (I), gold (III), and palladium (II) complexes
were heterogenized onto disordered MWW materials and
used as eﬀective catalysts for Sonogashira cross-coupling
reactions between iodobenzene and arylboronic acids or
alkynes [144].
Diﬀerent examples have above been shown related with
the generation of eﬀective hybrid organic-inorganic catalysts
by the stable interaction established between suitable soluble
organocatalysts and open MWW materials, such as delami-
nated ITQ-2 zeolites. However, the acid sites homogeneously
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distributed along the network of each individual zeolitic
layer allow the direct employ of these accessible zeolites in
the production of fine chemicals without any post-synthesis
treatment to immobilize additional organic functionalities.
For instance, it is the case of the preparation of dimethy-
lacetals and tetrahydropyranylation of alcohol and phenols
using ITQ-2 delaminated zeolite as acid catalyst. The results
obtained confirmed that when the reactions involved bulky
reactants, ITQ-2 exhibited the highest activity owing to the
combination of its disordered structure and the presence
of strong and accessible acid sites into their framework
(Scheme 16) [63, 145].
Into this thematic, interesting acetalization processes
were carried out, catalyzed by MWW delaminated materials,
for the synthesis of orange blossom and apple fragrances
[146]. Similarly, direct synthesis of phenylacetaldehyde glyc-
erol acetals (2-benzyl-4-hydroxymethyl-1,3-dioxolane, 2-
benzyl-5-hydroxy-1,3-dioxane) and vanillin propylene gly-
col acetal (2-(4-hydroxy-3-methoxyphenyl)-4-methyl-1,3-
dioxolane) which are flavoring compounds with hyacinth
and vanilla scent fragrances, respectively, was success-
fully performed by acetalization of phenylacetaldehyde and
vanillin with glycerol and propylene glycol, using toluene
as solvent and exfoliated zeolites as catalysts (Scheme 17).
On the opposite, in the case of bulky acetals, such as 2-
acetonaphthone propylene glycol acetal with blossom orange
N
HO
HO
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CH3 CH3
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C CONH
Scheme 18: Protection of hydroxyl groups by tetrahydropyranyl
ethers (according to [63]).
scent, geometrical constraints, imposed by the microporous
channels of conventional zeolites, would be a serious
inconvenient to overcome during the acetalization processes.
For this, a delaminated zeolite (ITQ-2) with very large,
structured, and accessible external surface is an active and
selective catalyst for this type of reactions. Additionally, the
delaminated zeolite allowed the reaction to be carried out in a
solvent-free reaction medium, being possible the generation
of acetal fragrances in an environmentally more friendly
process [147].
High value products, such as nonsteroidal drugs, with
anti-inflammatory and analgesic activities, were obtained
through the oximation of acetophenone derivatives, followed
by the solid acid-catalyzed Beckmann rearrangement to give
the corresponding amides. Delaminated ITQ-2 zeolites were
employed as catalysts, being obtained excellent activity and
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selectivity for amides when both accessibility of the reactants
to the active sites and the surface polarity of the catalysts
were optimized (Scheme 18) [148]. Beckmann rearrange-
ment of the relatively bulky cyclododecanone oxime was
also performed both in batch and fixed-bed continuous
reactors, using ITQ-2 as catalyst. The results confirmed
that the solid acid catalyst formed by MWW nanolayers of
zeolitic nature was more active and selective than either a
nanocrystalline microporous Beta zeolite or a mesoporous
MCM-41 material, and the amount of organic derivatives
which remained adsorbed on the catalyst after reaction
is smaller in the exfoliated catalyst because the diﬀusion
problems were minimized (Scheme 19) [66].
Analysis of the peculiar structure of the delaminated
materials and its influence on the catalytic reactivity was also
evaluated through the performances of a diﬀerent solid acids
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including conventional zeolites (HY, mordenite, and ZSM-
5), mesoporous Al-MCM-41 materials, and amorphous
silica-aluminas compared with the layered zeolite ITQ-2
for the liquid-phase condensation of 2-methoxynaphthalene
and naphthalene with paraformaldehyde to form dinaph-
thylmethane derivatives (Scheme 20). The results obtained
showed that ITQ-2 exhibited the highest catalytic activity,
being the ITQ-2 catalytic eﬃciency attributed to the suitable
combination of higher acid strength than Al-MCM-41 and
silica-aluminas and easier accessibility of its sites than for
microporous zeolites [67].
Another interesting fine chemical processes, such
as Diels-Alder and retro-Diels-Alder reaction between
cyclopentadiene and p-benzoquinone (Scheme 21) [68],
Prins condensation of β-pinene with paraformaldehyde for
Nopol production (Scheme 22) [69] or, recently, aqueous
phase dehydration of xylose to furfural (Scheme 23) [70],
was successfully performed with open MWW structures
(delaminated ITQ-2 and pillared MCM-36 zeolites), favored
by the accessible presence of exposed acid sites stabilized
from the zeolitic framework.
3.3. Other Processes. The benefits of the open zeolitic
structures, derived from MWW layered precursors, can
be exploited in other catalytic fields, more related with
electro- or photo-catalysis. It is the case of the delaminated
materials in which were supported and heterogenized metal-
loporphyrins containing Co or Fe, being active as catalysts for
electrochemical oxygen reduction without detecting catalysts
desorption from the electrode [149].
Inside the photochemistry field, it is important the
generation of electron transfer species with high stability and
durability. In this sense, the prevalence of the external surface
over the internal porosity in the delaminated zeolites (ITQ-
2) favors the spontaneous generation of tetrathiafulvalene
radical cations. This eﬀect is strongly marked in MWW
open structures compared with conventional microporous
Y, mordenite, and ZSM-5 zeolites as well as to Al-MCM-41
and amorphous silica-alumina. Moreover, through selective
silylation of the external cups in the surface of individual
MWW sheets, it was found that the formation of a significant
concentration of stable organic radical cations occurred
within these open cups rather than inside the sinusoidal
internal 10MR channels (Figure 31(a)) [77]. Similarly, the
ability of ITQ-2 to generate organic radical cations was also
confirmed through the external immobilization of α,ω-di-
phenyl-polyenes. In this case, alternative laser flash photol-
ysis strongly favored the formation of 1-phenylnaphthalene
radical cations as the intermediate formed after the adsorp-
tion of polyenes onto MWW layers, as consequence of the
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Figure 31: Representation of the best docking of tetrathiafulvalene (a), 1-phenyl-naphtalene (b), and hydroxyquinolate ligands inside the
open cups of ITQ-2 (c) (according to [77–79], resp.).
uniqueness of ITQ-2 topology (Figure 31(b)) [78]. Into this
line, photoinduced electron transfer species were also pro-
duced after the treatment of ITQ-2 zeolites, with previously
immobilized Ru(bpy)32+, methylviologen, or blue light-
emitting hydroxyquinolinate ligands onto the external cups,
through emission and time-resolved laser flash photolysis
(Figure 31(c)) [150, 151]. This technique was also useful
to characterize titanium atoms present into the lamellar
framework of disordered zeolites, such as Ti-ITQ-2 [79].
On the other hand, interesting biocatalysts can be
obtained using delaminated zeolites as supports of enzymes.
This type of zeolitic disordered materials exhibits suitable
physicochemical properties such as a very high, hydroxylated,
and ordered external surface together with elevated thermal
stability. So, the preparation of catalysts based on zeolitic
sheets with immobilized enzymes onto their external surface
area was viable, being noticeable the improved activity and
stability of the final products compared with the action
of soluble enzymatic compounds. Specifically, the enzymes
were supported either by means of ionic or covalent bonds,
improving the stability of the enzymes without reactivity
loss. Moreover, after reaction, the zeolitic supports can
be recycled and reused to immobilize additional enzymes.
Definitively, these results have opened the possibility of using
open zeolitic structures for processes which involve enzymes
as catalysts (Scheme 24) [152–155].
Alternatively, open MWW structures have been used
as sensors by the covalent anchoring of fluorophore com-
pounds, such as pyrene, being the resulting solid a selec-
tive heterogeneous sensor for iodide in the presence of
other halides in the medium (Scheme 25) [80]. Finally,
pillared and delaminated materials have successfully been
used to adsorb and capture gases, such as CO2 or SO2.
For this application, it is necessary the incorporation of
SOx storage component (Ba, Al, and Mg) by impregnation
or pillaring with the corresponding metal oxides and with
an oxidant component (Pt). The results showed that the
MWW materials which contain Ba and Al exhibited a
higher SOx uptake compared to the samples containing Mg.
Moreover, for pillared MCM-36 zeolites a direct correlation
between the surfaces area and the SOx sorption capacities
was detected [156]. Similarly, MWW derivative materials
(ITQ-2 and MCM-36) were evaluated as a CO2 capturing
agent with or without postgrafting amine functionalization.
The CO2 fixation capacity was measured from isotherms
at diﬀerent adsorption temperatures and the corresponding
heats of adsorption. The data obtained showed that the
amount of adsorbed CO2 varied in the sequence of NH2-
ITQ-2 > ITQ-2 > MCM-36 > NH2-MCM-36 at 298K. It
was confirmed that for the zeolites without amine-grafting,
aluminum content was the decisive factor which determines
the adsorption capacity. On the contrary, aminegrafting on
zeolites resulted in an increase in CO2/N2 selectivity, and
more elevated heats of CO2 adsorption implied a strong
reduction in CO2 capture capacity. Specifically, NH2-ITQ-2
showed exceptionally high CO2/N2 selectivity combined with
the best separation capacity among the studied MWW-type
zeolites [157–161].
4. Conclusions and Outlook
Into the catalysis field, zeolites have promoted a revolution
as acid catalysts. Moreover, their microporosity introduces
shape selectivity in reactive processes and this matter will
influence on reaction products. This apparent advantage can
represent, in some cases, a serious inconvenient, since in a
large number of processes take part molecules of elevated
size, which are not feasible with microporous catalysts of
restricted accessibility. This problem can be avoided with
innovative zeolitic materials, with their characteristic acidity,
but with a higher accessibility in order to facilitate the
reactive molecules access to active sites, overcoming the
diﬃculties imposed by their conventional microporosity.
This proposal has successfully carried out with bi-
dimensional MWW layered zeolitic precursors which are
delaminated or exfoliated with the objective to obtain
new delaminated materials, ITQ-2 zeolites, composed by
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Scheme 24: Covalent or electrostatic immobilization of enzymes onto delaminated zeolites used as inorganic supports.
disordered layers, and characterized by an elevated and
accessible external surface area. on the other hand, when the
layered MWW precursors are pillared, innovative materials
with high accessibility are obtained, but formed by inter-
layered mesoporous galleries, called MCM-36 zeolites. Both
MWW materials families are currently being employed in
interesting applications related with catalytic reactions of
industrial relevance inside petrochemistry and Fine Chem-
istry. Furthermore, they are excellent inorganic supports of
functional molecules, as enzymes or specific organocatalysts,
owing to their elevated hydrothermal stability, structural
homogeneity, and high external surface area.
These peculiar characteristics would allow the stable
incorporation, onto the individual MWW sheets, of several
and suitable organic, organometallic, and/or metal func-
tional species. These active and accessible sites could even
be combined with additional centers included into the
framework of the individual inorganic layers. The conse-
quence would be the generation of organic-inorganic mul-
tifunctional hybrid catalysts to carry out multicomponent
or cascade reactions in one-pot processes, using only one
heterogeneous and recyclable catalytic system (Figure 32).
This fact would imply an important advance into the catalysis
field because reaction steps number, intermediates isolation,
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organic solvents amount, or residual compounds could
strongly be reduced which would be useful to develop more
sustainable and eﬃcient chemical processes.
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